Background: Type 2 diabetes mellitus (T2DM) is associated with increased risk of malignant ventricular arrhythmias. Cardiac electrical inhomogeneity may be the leading cause of the increased arrhythmic risk in patients with T2DM. The peak and the end of the T wave (Tp-e) interval and associated Tp-e/QT ratio are promising measures of ventricular repolarization indicating transmural dispersion of repolarization. The aim of this study was to assess ventricular repolarization in patients with T2DM by using Tp-e interval, Tp-e/QT ratio and Tp-e/corrected QT interval (QTc) ratio. Methods: Forty-three patients with T2DM and 43 healthy control subjects, matched by gender and age, were studied. All participants underwent electrocardiography (ECG) recording. PR, RR and QT intervals represents the ECG intervals. These are not abbreviations. In all literature these ECG intervals are written like in this text. Tp-e intervals were measured from 12-lead ECG. Rate QTc was calculated by using the Bazett's formula. Tp-e/QT ratio and Tp-e/QTc ratio were also calculated. Results: Mean Tp-e interval was significantly prolonged in patients with T2DM compared to controls (79.4±10.3, 66.4±8.1 ms, respectively; P<0.001). We also found significantly higher values of Tp-e/QT ratio and Tp-e/QTc ratio in patients with diabetes than controls (0.21±0.03, 0.17±0.02 and 0.19±0.02, 0.16±0.02, respectively; P<0.001). There was no difference in terms of the other ECG parameters between the groups. Conclusion: Tp-e interval, Tp-e/QT ratio and Tp-e/QTc ratio were prolonged in patients with T2DM. We concluded that T2DM leads to augmentation of transmural dispersion of repolarization suggesting increased risk for ventricular arrhythmogenesis.
INTRODUCTION
Diabetes mellitus (DM) is a chronic disease that affects cardiovascular system by oxidative stress, endothelial dysfunction, atherogenesis, and vascular remodelling [1] . Cardiac autonomic neuropathy is an important complication of DM and affects 30% of the patients with DM [2] . Impaired autonomic regulation in patient with DM results from increased sympathetic autonomic nervous system activity and is associated with malign ventricular arrhythmias and death independently of the presence of coronary heart disease, hypertension and heart failure [3, 4] . Diabetic heart shows remodelling of the ionic currents and prolonged action potential durations. Experimental animal models showed that increased dispersion of repolarization and electrical instability leading ventricular arrhythmias and sudden cardiac death (SCD) [5, 6] .
Myocardial repolarization can be assessed with QT interval (QT), corrected QT interval (QTc), QT dispersion and transmural dispersion of repolarization (TDR). Although QT interval and QT dispersion measurements have been demonstrated to be an important electrocardiographic predictor of ventricular arrhythmogenesis in DM, their prognostic importance has also been challenging at some of the studies [7] . Peak and the end of the T wave (Tp-e), which is the interval between the peak and the end of T wave on electrocardiography (ECG), is accepted as an index of transmural dispersion of ventricular repolarization [8] . Tp-e/QT and Tp-e/QTc ratios are also used as an electrocardiographic index of ventricular arrhythmogenesis [9] .
Although there are a lot of studies evaluating ventricular repolarization by using QT interval and QT dispersion in patients with type 2 diabetes mellitus (T2DM), there is no study investigating the effects of T2DM on the indexes of TDR. In this study, we aimed to assess ventricular repolarization in patients with T2DM by using the Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio in comparison with the control group.
METHODS

Study population
The study population consisted of 86 patients who were admitted to our outpatient clinic. Forty-three patients diagnosed with T2DM (20 women; mean age, 59±9) constituted the study group. T2DM was defined according to the American Diabetes Association criteria [10] . Forty-three age and sex matched healthy individuals were recruited as the control group (18 women; mean age, 50±10). Patients with a history of coronary artery disease, valvular heart disease, prior pacemaker implantation, history of atrial fibrillation, cardiomyopathy, cancer, or other major illnesses were excluded. Patients with abnormal thyroid function test, abnormal electrolyte values and on antiarrhythmic drug treatment were also excluded. The study protocol was approved by the Ethics Committee at GATA Haydarpasa Hospital and informed consent was obtained from each patient.
All participants were questioned about their medical history and smoking habits. Weight and height measurements were performed and body mass index (BMI) was calculated as the ratio of weight to height squared (kg/m 2 ). Blood pressure was measured consecutively three times, 5 minutes apart in the sitting position and the mean value was used in the analysis. Blood sample was collected after 12 hours overnight fast.
Biochemical analyses of fasting blood glucose, lipids, urea, creatinine, hemoglobin A1c (HbA1c) were performed. Urinary albumin concentration was measured by radioimmunoassay method in a 24-hour urine collection. Albumin excretion rate <30 mg/day was considered as normoalbuminuria, values in the range of 30 to 299 mg/day as microalbuminuria and ≥300 mg/day as proteinuria. Diabetic complications were identified by self report. All subjects were underwent two-dimensional echocardiography examination. We obtained standard parasternal long-axis, midventricular short-axis, apical long axis, apical 2-and 4-chamber images with the Vivid 3 ultrasound system (GE Healthcare, Little Chalfont, UK).
Electrocardiography
The 12-lead ECG recordings were obtained at the supine position with a paper speed of 50 mm/sec and voltage of 10 mm/ mV by using standard ECG system (CardiofaxV model 9320, Nihon Kohden, Tokyo, Japan). P wave duration, RR interval, PR interval, QRS duration, QT interval, and Tp-e interval were measured manually. Tp-e/QT ratio and Tp-e/QTc ratio were calculated from these measurements. The onset of P wave was defined as first visible upward departure from the baseline and the end of P wave defined as return to baseline. QT interval was defined as the time from the onset of the QRS to the point at which T wave returns to baseline. QTc interval was calculated by using the Bazett's formula. Tp-e interval was measured from the peak of T wave to the end of T wave. The end of the T wave was defined as intersection of tangent to the down slope of T wave and isoelectric line (Fig. 1) . When the U wave is present T wave end was defined as the nadir between the T wave and U wave. Measurements of the Tp-e interval was performed in leads V2 and V5. The mean value of the measurements was used in the analysis. All measurements were performed by two independent investigators. Investigators were blinded as to the clinical status of the subjects. Intraobserver and interobserver coefficients of variation (SD of differences between two observations divided by the mean value and expressed as percent) were found to be 1.2% and 2.3% respectively.
Statistical analysis
The required sample size was calculated to be 40 with 95% confidence interval and 80% power of study. Continuous variables are expressed as mean±standard deviation. Categorical variables were expressed as percentages. Student t test and the chi-square test were used for comparisons of continuous and categorical variables. Pearson correlation test was used to examine correlation between variables. A P<0.05 was considered significant. Statistical analysis was performed using a commercially available statistical package SPSS version 20.0 (IBM Co., Armonk, NY, USA).
RESULTS
Our study sample involved 43 patients with T2DM and 43 healthy control subjects. The case and control groups were similar in terms of gender and age. Mean duration of DM was 12±9 years. Among 43 patients who had T2DM, 23 patients (53.5%) had retinopathy, 12 patients (28%) had microalbuminuria. Metformin (30 patients, 69.8%) and sulfonylurea (28 patients, 65.1%) were the most frequently used drugs. A total of eight patients (18.6%) had been using thiazolidinedione and three patients (7%) had stated insulin use. Forty-three healthy subjects were used as the control group. The baseline characteristics of the study and the control groups are presented in the Table 1 .
The study group had a higher mean BMI than control group with no statistically significant difference (27 The average heart rate for the study group and the control group was 74±12 and 70±11 beats per minute, respectively (P=0.117). Baseline RR and intervals were not significantly different between the groups. The mean QT interval was higher in the study group compared with controls, but no significant difference was found (376.4±30.1, 376.1±24.1 ms, respectively; P=0.959).The results showed that QTc was higher in diabetics than in controls but there was no statistically significant difference between the groups (419.1±25.1, 409.5±21 ms, respectively; P=0.06) ( Table 2 ). Left ventricular mass and left ventricular ejection fraction were not significantly different between the groups. www.e-enm.org 109 Table 2 shows the results of Tp-e, Tp-e/QT ratio, and Tp-e/ QTc ratio in the study and the control groups. The mean Tp-e interval was significantly prolonged in the study group compared to the controls (79.4±10.3, 66.4±8.1 msn, respectively; P<0.001).
Comparing the mean Tp-e/QT ratio, the results showed that diabetic patients had a prolonged Tp-e/QT ratio (0.21±0.03, 0.17± 0.02, respectively; P<0.001). Tp-e/QTc ratio was also significantly higher in the study group compared to the control group (0.19±0.02, 0.16±0.02, respectively; P<0.001).
There was a significant positive correlation between the HbA1c level and Tp-e interval (r=0.53, P<0.001), Tp-e/QT ratio (r=0.57, P<0.001), and Tp-e/QTc ratio (r=0.52, P<0.001) (Fig. 2) . There was also a positive correlation between the serum glucose level and Tp-e interval (r=0.35, P=0.001), Tp-e/QT ratio (r=0.44, P<0.001), and Tp-e/QTc ratio (r=0.38, P<0.001) (Fig. 3 ). There were no significant correlation between gender, age, BMI, blood pressure with Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio.
DISCUSSION
The major new findings of this study are that TDR indices of Tp-e interval, Tp-e/QT, and Tp-e/QTc ratios are increased in patients with T2DM. Moreover, we found a positive correlation between HbA1c level and glucose level with Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio.
Tp-e interval and Tp-e/QT ratio are well appreciated markers of increased dispersion of ventricular repolarization [8, 9] . Our findings of increased Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio in T2DM is important and the results may illuminate the pathophysiological mechanisms of increased prevalence of ventricular arrhythmias by indicating increased ventricular repolarization heterogeneity.
Inhomogeneity in the duration of cardiac action potential causes the electrical instability leading arrhythmias. This situation can be demonstrated in the electrophysiology laboratory via monophasic action potential mapping [11] . QT duration (QTd) is the most frequently used non-invasive method to reveal electrical heterogeneity of the myocardium. In order to quantify the inhomogenity of the myocardium, in addition to QTd, TDR was introduced in the beginning of the 2000's [12] . Isolated cells from different layers of the myocardium exhibited that myocardium comprises 3 distinct myocyte types namely, endocardial, epicardial, and midmyocardial M cells [9] . Despite the fact that these myocytes are morphologically similar, they exhibit different electrophysiological characteristics. Midmyocardial M cells have typically the longest action potential duration. The earliest completion of repolarization occurs in the epicardial cells. The peak of T wave represents the end of the epicardial action potential, and the end of T wave represents the end of the midmyocardial action potential. Therefore, Tp-e interval is a reflection of TDR [12] . Sicouri and Antzelevitch [13] reported an association between ventricular arrhythmogenesis and Tp-e prolongation in animal model. It was shown that prolongation of Tp-e interval is associated with increased mortality in Brugada syndrome, long QT syndromes, in hypertrophic cardiomyopathy, obstructive sleep apnea and in patients undergoing primary percutaneous coronary intervention for myocardial infarction [14] [15] [16] [17] . Additionally, Tasolar et al. [18] have shown that the TDR decreases as the collateral circulation increases in stable coronary artery disease. Our understanding from this findings is that cardiac ischemia resulting from the coronary artery disease is also one of the factors augmenting TDR. The patients with T2DM may also have occult coronary artery disease. Silent cardiac ischemia in diabetic patients may be responsible for prolonged Tp-e interval.
Furthermore, when myocardium is exposed to the conditions prolonging repolarization phase such as drugs or bradycardia, action potential duration of the M cells is more prolonged than the other cell types. Thereby these conditions does not only cause to prolongation of QT interval but also to increased TDR. It has been previously shown in diabetic animal models that hyperglycemia alters ionic currents of the sarcolemma leading to action potential prolongation [19] . This shows that hyperglycemia has direct effects on ventricular repolarization phase. Electrophysiological properties of ventricular myocardium is directly affected by diabetes. Prolongation of action potential may alter the endocardial to epicardial repolarization producing Tp-e interval changes on ECG. Diabetic age of our study population (12±9 years) was also enough to develop hyperglycemic complications. Therefore QT interval prolongation may be the result of the hyperglycemia independently of the presence of cardiovascular disease or hypertension. In our study, it seems that due to their more sensitivity, action potential duration of the M cells are more increased than epicardial cells. This situation may be the reason of the increased TDR in diabetic group.
The association between DM and ventricular arrhythmias is well known. Several studies has shown DM is related with increased risk of ventricular arrhythmias [20] . Furthermore, it has been postulated that both the prolongation of Tp-e interval and DM is associated with the risk of SCD [21] [22] [23] . Determi-Copyright © 2016 Korean Endocrine Society nants of SCD risk in T2DM include, presence of coronary artery disease, impaired left ventricular function and abnormalities of electrical propagation reflected in ECG as repolarization abnormalities. Atherosclerosis Risk in Communities (ARIC) study showed that the presence of diabetes was associated with a 2.6-fold increase in SCD [24] . Thus our results may explain the increased SCD risk by showing that dispersion of ventricular repolarization is increased in T2DM.
Cardiac autonomic neuropathy is an another concern in T2DM. Diabetic autonomic neuropathy is related with increased sympathetic tone and decreased parasympathetic tone [25] . Alterations in cardiac autonomic activity in DM may be responsible for ventricular arrhythmias by increasing the heterogeneity of ventricular repolarization. Watanabe et al. [26] reported that the prolonged TDR is associated with ventricular arrhythmias. It has been reported that increased sympathetic activity and altered cardiac autonomic activity are closely related to heterogeneity of ventricular repolarization and increased risk of ventricular arrhythmias [27] . Voulgari et al. [28] showed that spatial QRS-T angle is increased in patients with T2DM who has cardiac autonomic neuropathy. Our results that showed the heterogeneity of ventricular repolarization in T2DM may be explicable in regard to altered autonomic activity in DM.
Several investigators studied repolarization patterns in DM and they have reported controversial results. QT, QTc, and QT dispersion have been used in these studies. It was demonstrated that T2DM is associated with QT prolongation and other cardiac repolarization abnormalities [29, 30] . Naas et al. [31] showed that both QT dispersion and maximal QTc interval were significant predictors of cardiac death in patients with T2DM. Similarly, Sawicki et al. [32] demonstrated that increased QT dispersion was an independent predictor of mortality in patients with DM. In a cohort study, patients with T2DM showed a high prevalence of prolonged QTc and QT dispersion but only prolonged QTc was a predictor of mortality [33] . However, some investigators reported that QT and QTc intervals were not prolonged in DM [22] . The measurement of QT parameters may be challenging for assessing predisposition to ventricular arrhythmias in DM. QT interval and its parameters have often been criticized as poor indicators of ventricular arrhythmogenesis [34, 35] . The studies reached different conclusions regarding the association between QT parameters prolongation and cardiac end points. Previous study has evaluated the Tp-e interval and other QT parameters in patients with diabetes [36] . However, there has been a debate on dynamic changes in Tp-e interval like as QT interval so we measured also Tp-e/QT ratio and Tp-e/QTc ratio that is known to be relatively constant parameters and incorporation of these indices may have improved the accuracy of our study. In our study, QT and QTc intervals were not different between the study and the control groups. However, we found that the other indices of ventricular repolarization (namely Tp-e, Tp-e/QT ratio and Tp-e/QTc ratio) are increased in patients with T2DM. Increased Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio maybe related to alterations in neurohormonal balance that could predispose to ventricular arrhythmias. It is also possible that an increased ventricular repolarization parameters of ECG is related with metabolic disturbances and some medications that may affect the ventricular repolarization. In the present study, increased Tp-e, Tp-e/QT ratio, and Tp-e/QTc ratio can be interpreted as reflecting increased risk of ventricular arrhythmias associated with altered ventricular repolarization.
Our study has some limitations. We did not evaluate the association between ventricular arrhythmias and Tp-e interval. Therefore, we are not sure about prognostic importance of Tp-e interval prolongation and higher Tp-e/QT ratio in our patients. However, Tp-e interval and Tp-e/QT ratio are accepted as important prognostic markers in many different patient groups. Number of patients in our study is relatively small. A larger patient population would provide more precise results.
In conclusion, T2DM patients, as compared to healthy controls, have shown prolonged Tp-e interval and increased Tp-e/ QT ratio and Tp-e/QTc ratio on the ECG which could be a marker of increased TDR and represents a risk for future arrhythmias. Prospective randomized studies in a larger population would provide more precise results and a response as to the predictive value of these ECG parameters in T2DM.
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